Transcribed molecularly imprinted polymers (MIPs), prepared by using the biotinylated submicrometersized particles-immobilized stamp on which the biotinconjugated protein was hierarchically immobilized via avidin, were used successfully in the recognition of cytochrome c (Cyt) as a model protein. The transcribed MIP for Cyt was prepared on the gold-coated surface plasmon resonance (SPR) sensor chip, and the binding behavior of Cyt, myoglobin, ribonuclease A, lysozyme, and avidin was evaluated to confirm the selectivity for Cyt. The imprint effect of the transcribed MIP was revealed by comparing the MIP and the corresponding non-imprinted polymer prepared using the stamp without the Cyt immobilization.
inexpensively prepared in a tailor-made fashion, are highly desirable as the substitutes.
Molecular imprinting is a technique used to prepare biomimetic materials bearing pre-determined binding cavities capable of molecular recognition [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Molecularly imprinted polymers (MIPs) can be prepared by co-polymerization of a co-monomer(s) and a crosslinker(s) in the presence of a template molecule that is either the target molecule itself or its derivative conjugated either covalently or non-covalently with the functional monomers. The subsequent removal of the template molecule leaves the imprinted cavities complementary in size, shape, and interaction activity. Recently, many efforts have been made to prepare MIPs for proteins [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, MIPs prepared by the conventional bulk polymerization often contain incomplete cavities due to the buried template proteins, resulting in a more nonspecific binding and less accessibility.
To address this issues, surface imprinting techniques have been developed, where the imprinted cavities can be constructed only on the surface of MIPs, resulting in more effective removal of template molecules and improvement of accessibility of the imprinted cavities [33] [34] [35] [36] [37] [38] [39] . Although surface imprinting by surface-initiated polymerization has been reported [29, 30] where the polymer thickness is significantly important and should be optimized, transcription-type molecular imprinting seems to be a cogent technique for the surface imprinting; the technique involves radical polymerization of pre-polymerization mixtures in between a target proteins-immobilized stamp and a substrate on which MIPs are to be prepared. An advantage of this technique is a more reliable formation of imprinted cavities on the surface of MIPs in comparison with the cavities prepared by the surfaceinitiated polymerization. Moreover, according to the positions of the immobilized proteins on the stamps,
Introduction
Protein recognition is of great importance in many fields of life science [1] [2] [3] . Commonly, biomacromolecules such as antibodies and enzymes have been used as protein recognition tools, however, their production is costly and time-consuming. Therefore biomimetic materials, which have selectivity and affinity for target molecules comparable to the natural biomolecules, and can be the transcribed MIP spots can be freely patterned on a substrate, and even multiple MIP spots for different proteins can be prepared on a substrate by using stamps with patterned immobilization of different targets.
In this study, we preliminarily demonstrated transcribed MIPs toward cytochrome c (Cyt) as a model protein using protein-immobilized stamps based on submicrometer-sized particles. As shown in Scheme 1, poly(styrene-co-methacrylic acid)-shell/polystyrene-core particles (P(S-MAA)/PS) (ca. 200 nm) were immobilized on the surface-aminated glass substrate by the amine coupling reaction as a scaffold of protein immobilization, owing to their easy handling for making patterned stamps and higher surface area than that of a flat substrate which leads to increase in the resultant binding cavities on transcribed MIPs. The carboxylic acid on the P(S-MAA)/PS immobilized on the substrate was then biotinylated with biotinyl-3,6,9,-trioxaundecanediamine (Amine-PEO 3 -Biotin) by the amine coupling reaction, followed by treatments with avidin (Avi) and biotinconjugated Cyt, yielding the Cyt-immobilized stamp. The subsequent radical polymerization of a prepolymerization mixture containing acrylic acid as a functional monomer, acrylamide as a co-monomer and N,N'-methylenebisacrylamide (MBAA) as a crosslinker was carried out in between the stamp and the acrylated sensing chip which was a gold coated glass substrate for surface plasmon resonance (SPR) measurements.
Methods

Materials
Styrene (S), hydrochloric acid, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), ribonucrease A (RNase), Cyt, Avi, and sodium chloride, were purchased from Nacalai Tesque (Kyoto, Japan). 2,2'-Azobis(2-methylpropionamidine)dihydrochloride (V-50), acrylic acid, acrylamide, MBAA, methacrylic acid (MAA), methanol, potassium bromide, ethanol (EtOH), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride n-hydrate (DMT-MM), and sodium hydroxide were purchased from Wako Pure Chemical Industry (Osaka, Japan). 3-Aminopropyl triethoxysilane (APTES) and 3-methacryloxypropyltrimethoxysilane were purchased from Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan). FITCAvi was purchased from Life Technologies Japan (Tokyo, Japan). Biotin-labeling kit-NH 2 was purchased from Cosmo Bio Co. Ltd. (Tokyo, Japan). Lysozyme (Lys), myoglobion (Myo) and N,N'-bis(acryloyl)cystamine were purchased from Aldrich (U.S.A). SureLINK™ Fluorescein (FITC) labeling kit was purchased from Kirkegaard & Perry Laboratories (U.S.A). Styrene and MAA were purified prior to use. Biotine-conjugated Cyt (Biotin-Cyt) and FITC conjugated Cyt (FITC-Cyt) were prepared according to each protocol. Amine-PEO 3 -Biotin was purchased from Thermo Fisher Scientific (Grand Island, NY).
Scheme 1. Preparation protocol of the Cyt-immobilized stamp
Apparatuses
MALDI-TOF mass spectra were recorded using Voyager-DETM-1000 (AB SCIEX, Tokyo, Japan). Fluorescent spectra measurements were carried out using F-2500 spectrofluorometer (Hitachi, Tokyo, Japan). Infrared absorption spectra were recorded on Varian 660KU-IR (Agilent Inc., California, USA). Scanning electron microscope (SEM) image was obtained using VE-9800 (KEYENCE, Osaka, Japan). The number-average particle size (d n ) and volume-average particle size (d v ) were measured by the dynamic light scattering system (DLS-7000, Otsuka Electronics Co. Ltd.) Zeta potential was obtained using Zetasizer Nano ZS (Malvern Instruments Ltd., U.K.). A desktop programmable dispensing robot, SHOT-mini 200s (Musashi Engineering Inc., Tokyo, Japan) was used for handling the small volumes of liquid.
Preparation of P(S-MAA)/PS particles
Polystyrene (PS) bead particles were synthesized by emulsifier-free emulsion polymerization using S (800 mg), pure water (79.2 g), hydrochloric acid (40 μL) and V-50 (41.6 mg) in a 100 mL Schlenk flask. After purging with nitrogen, polymerization was carried out at 80°C for 24 h with magnetic stirring at 1500 rpm. For the preparation of the P(S-MAA)/PS particles, S (47.6 mg) and MAA (92.4 mg) were added into the PS seed emulsion (40 g) and incubated for 24 h with magnetic stirring at 1500 rpm to absorb the monomers into the PS seed particles. Then V-50 (41.6 mg) was added to this emulsion and polymerization was carried out under nitrogen atmosphere at 80°C for 24 h with magnetic stirring at 1500 rpm. Conversions were measured by gravimetry. P(S-MAA)/PS particles were washed with pure water using centrifugation.
Preparation of Cyt immobilized stamp
Amino groups were introduced by treatment with 1% APTES in EtOH containing 5% pure water for 1 h, and baking at 80°C for 1 h. The P(S-MAA)/PS emulsion (20 μL) was dropped on the aminated substrate and left for 24 h at room temperature to dry up gradually. Then 25 mM DMT-MM (5 μL) was dropped on the substrate and covered by a same size of a glass substrate. After 24 h incubation, the P(S-MAA)/PS immobilized substrate was washed by ultrasonication for 10 min, then an aqueous mixture of 200 μM Amine-PEO 3 -Biotin and 300 μM DMT-MM (5 μL) was dropped on the substrate and incubated for 24 h, followed by washing with pure water, to obtain the biotinylated P(S-MAA)/PS-immobilized glass substrate.
For the immobilization of Cyt on the biotinylated P(S-MAA)/PS-immobilized substrate, 20 μL of 50 μM Avi dissolved in 10 mM HEPES buffer (pH 7.4) was dropped on and left for 30 min. After washing with the HEPES buffer, the biotin-conjugated Cyt (ca. 500 μg mL -1 ,) dissolved in 10 mM HEPES buffer pH 7.4 (20 μL), was dropped on and incubated for 30 min, followed by washing with the HEPES buffer, yielding the Cyt-immobilized stamp.
In order to confirm the biotinylation of the substrate, 50 μM FITC-Avi dissolved in 10 mM HEPES buffer pH 7.4 (20 μL) was dropped on the biotinylated substrate and incubated for 30 min at room temperature. After washing with the HEPES buffer, fluorescent spectra for the bound FITC-Avi were measured using a spectrofluorometer (F-2500, Hitachi, Ltd., Tokyo, Japan).
Preparation of transcribed Cyt imprinted polymer on SPR chips
The pre-polymerization mixtures were prepared by mixing acrylic acid, acrylamide, MBAA, and V-50 (2.0 mg) in 10 mL of HEPES buffer as shown in Table 1 . The pre-polymerization mixture (5 μL) was dropped on the acrylated SPR sensor chip, on which acryloyl groups were immobilized as a self-assembled monolayer by treatment with 2.8 mM N,N'-bis(acryloyl)cystamine dissolved in methanol for 30 min. The Cyt-immobilized stamp was then placed on the acrylated SPR sensor chip and polymerization was carried out using light irradiation (365 nm, UV-LED, OMRON, Kyoto, Japan) for 15 min at 4°C, followed by a washing with the HEPES buffer to obtain the thin layer of the transcribed Cyt-imprinted polymer on the SPR sensor chip. A non-imprinted polymer (NIP) was prepared using the P(S-MAA)/PS-immobilized substrate instead of the Cyt-immobilized stamp.
SPR sensing
The SPR sensing for Cyt, Myo, RNase, Lys, and Avi (0.125-4 μM, 20 μL) was carried out using Biacore 3000 (GE Healthcare Japan, Tokyo, Japan) with a running buffer of 10 mM HEPES buffer (pH 7.4) at a flow rate of 20 μL min -1 . The sensor chip was regenerated by injecting 1 M NaCl (10 μL).
Selectivity
To evaluate the Cyt selective binding activity, selectivity factor (α) was adopted, which was calculated using the following equation:
where, RU is a resonance unit from SPR measurement, and MW is a molecular weight.
Results and Discussion
Preparation and evaluation of P(S-MAA)/ PS particles
Monodispersed submicrometer-sized P(S-MAA)/PS particles were employed to increase the total surface area on the stamps, where the carboxyl groups of MAA units were used for immobilization on aminated substrates. The P(S-MAA)/PS particles were prepared by a two-step emulsifierfree emulsion polymerization: the emulsifier-free emulsion polymerization of S to obtain PS seed particles followed by the seeded emulsion copolymerization of S and MAA in the presence of the PS seed particles. The d n value and the surface charge of the PS seed particles were 169 nm (d v /d n : 1.06) and 14 mV, while those of P(S-MAA)-shell/ PS-core (P(S-MAA)/PS) particles were 179 nm (d v /d n : 1.06) and -10 mV measured by DLS. (Figs. 1 and 2) ; the conversions of 1st and 2nd steps were 76 % and 31%, respectively. The increase in the diameter of the P(S-MAA)/PS particles compared to the PS seed particles, with no presence of the secondary particles, was confirmed by DLS and SEM, indicating that the P(S-MAA) shell was constructed on the PS seed particles. In addition, the SEM images of these particles indicated that the high monodispersity was kept in the PS seed particles and P(S-MAA)/PS core-shell particles. The change of the surface charge on the P(S-MAA)/PS particles from the PS seed particles was derived from the carboxyl groups of MAA, which also indicated the formation of core/shell particles. The presence of the carboxyl groups was also confirmed by the FT-IR spectra, where peaks at 3300 cm -1 (broad) for O-H stretching, 1700 cm -1 for C=O stretching and 1400 cm -1 for C-O stretching was observed (Fig. 3 ).
Preparation of the Cyt-immobilized stamp
The P(S-MAA)/PS particles were immobilized covalently on the APTES-treated glass substrate by the amine coupling reaction of the carboxyl groups on the P(S-MAA)/ PS particles with the amino groups on the glass substrate using DMT-MM as a coupling agent. The SEM image (Figure 4) showed that the glass substrate surface was densely covered with the P(S-MAA)/PS particles. Some multi-layer structure was observed even after washing by ultrasonication. This may be due to a strong hydrophobic interparticle interaction. Such multi-layer P(S-MAA)/PS particles on the substrate may not affect the formation of the Cyt-immobilized stamp substrate, since the carboxyl groups exist on the outermost surface, which is available for the subsequent process.
FITC-Avi was then added onto the biotin-conjugated substrate to confirm the Avi-binding ability. After the addition of FITC-Avi, the fluorescence derived from FITC (ca. 530 nm) was observed on the substrate using a spectrofluorometer with an excitation wavelength of 494 nm (Fig. 5) . These results reveal that the biotinylated P(S-MAA)/PS-based substrate was successfully obtained, easily providing the Avi-immobilized P(S-MAA)/PS-based substrate. After Avi immobilization, the target protein (Cyt) was hierarchically immobilized using the biotin-conjugated Cyt via the biotin-Avi linkage to obtain the Cyt-immobilized stamp, where 4 biotins were conjugated on Cyt, which was confirmed by MALDI-TOF-MS spectrometry (Fig. 6 ). 
Binding property of transcribed MIPs for Cyt evaluated by SPR measurement
In order to evaluate the binding property of transcribed MIPs, the MIPs were prepared on the SPR sensor chips using the Cyt-immobilized stamp. The conventional free radical copolymerization of acrylic acid, acrylamide, and MBAA used as a functional monomer, a co-monomer, and a crosslinker, respectively, was carried out using various acrylamide-MBAA ratios in between the Cyt stamp and the acrylated SPR sensor chip (MIP 1-4) , since the binding property should be significantly affected by the rigidity of the polymer matrix. The polymerization recipes are listed in Table 1 . The thickness of MIP 1-4 would depend on the size of P(S-MAA)/PS, which was ca.180 nm (measured by DLS) and worked as a spacer between the Cyt-immobilized stamp and the acrylated SPR sensor chip, therefore, MIP 1-4 bearing the thickness of 150-200 nm could be formed. Since SPR signals were obtained and the generated evanescent field on the chip may be around 200 nm, the estimation of the polymer thickness is reasonably acceptable. The binding behavior of MIPs towards Cyt, Myo, RNase, Lys, and Avi, was investigated by SPR (Fig. 7) ; these proteins have different pI values − Cyt: 10.0, Myo: 7.2, RNase: 8.6, Lys: 11.1, and Avi: 10.5. When MIPs were prepared with low concentrations of MBAA, i.e. MIP1 (25 mol% MBAA) and MIP2 (38 mol% MBAA), low binding activity was observed for Cyt, which may be due to the high flexibility of the polymer matrices. With an increase in the MBAA content, the binding activity was enhanced, while for MIP4, prepared with the highest MBAA content (75 mol%), the significant non-specific binding towards Lys and Avi was observed (α: 1.48 and 0.71, respectively); the apparent low selectivity may be caused by increased hydrophobic interaction due to a decrease in the acrylamide content and increase in the MBAA content. In contrast, MIP3 (57 mol% MBAA) showed less non-specific binding of Lys and Avi (α: 0.72 and 0.54, respectively) than the other MIPs, while specific binding property for Cyt was achieved. These results suggest that the crosslinker content is the major factor in developing the selective binding property toward the target protein as is the case in the conventional molecular imprinting for proteins.
In order to confirm the imprint effect, the binding property of the non-imprinted polymer (NIP), which was prepared with the same recipe using the P(S-MAA)/ PS-immobilized substrate instead of the Cyt-immobilized stamp in the polymerization procedure, was investigated. NIP bound Lys and Avi more significantly (α: 1.79 and 0.88, respectively) than Cyt, indicating that the Cytselectivity was not observed in NIP (Figure 8 ). These results confirmed that the selective binding cavity capable of Cyt recognition was successfully constructed in the optimized polymer matrix during the transcription-type molecular imprinting process.
Conclusion
Transcribed MIP for Cyt was successfully prepared using the submicrometer-sized particles based-Cyt stamp. The binding property of MIP toward Cyt was confirmed by SPR, that is, the MIP showed the selective binding property toward Cyt; in contrast, NIP showed no template-selectivity. Based on these results, we have successfully synthesized transcribed MIPs of high selectivity toward Cyt using our proposed method which utilizes the submicrometer-sized particles as the support of the stamp on which the target protein is immobilized via the biotin-Avi linkage. Because the submicrometersized particles can be dispensed on the substrates using an automatic dispenser to yield the patterned proteinimmobilized stamps, transcribed MIP array formats could be easily established, and importantly, various biotin conjugated template molecules can be easily applied for the immobilization on the same stamp. Therefore, the proposed method will open a way to prepare MIPs as an array format for multiple target proteins.
